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Introduction
As information technology (IT) investments grew in the 1980s and 1990s, substantial variation emerged in both the returns to IT investments (Brynjolfsson and Hitt 1995; Devaraj and Kohli 2003 , Melville, Kraemer and Gurbaxani 2004 , Aral and Weill 2007 and the effectiveness of incentive compensation plans across firms (Ichniowski and Shaw 2003) . We propose that these two phenomena are related and that the performance benefits of IT and incentive schemes depend on one another.
Successful incentive systems rely on the ability to monitor and manage employee performance accurately in order to appropriately reward those who excel. Some information technologies are specifically designed to help firms observe, measure, document, track and manage performance accurately and transparently and therefore complement such incentive practices. We develop an analytical model that illustrates this complementarity and demonstrate how the co-presence of IT and incentive practices can explain variation in both the returns to IT and the effectiveness of performance pay contracts and human resource (HR) analytics practices that monitor and provide feedback on performance.
We argue that effective incentive practices are made up of a tightly knit incentive 'system' that combines performance pay with both HR analytics practices and suitable IT software. We hypothesize that adopting performance pay and HR analytics practices without the information technologies that enable them lessens the incentives offered by performance pay and the insights gained from analysis; and that performance monitoring and management technologies implemented without performance pay and HR analytics are also less effective. Our goal is to examine the complementarities among IT, HR analytics and performance pay to determine whether these practices can be effectively implemented piecemeal or rather must be introduced as a three-way "system of practices" (Milgrom and Roberts 1990) .
To explore these propositions, we narrow our investigation to the adoption of a specific technology-Human Capital Management (HCM) solutions found in typical Enterprise Resource Planning (ERP) systems. These "process-enabling technologies" represent firm-wide suites of business software and hardware designed to generate productivity and performance by supporting specific business processes (Hitt, Wu, and Zhou 2002 , McAfee 2003 , Aral, Brynjolfsson and Wu 2006 .
Simply identifying a correlation between adoption and performance is not sufficient to test the hypothesis that adoption causes performance, since causality could run in the opposition direction, for instance if improved cash flows increased investments. Unobserved factors may also cause both adoption and higher performance. An important feature of our data enables us to assess the direction of causality in relationships between adoption of HCM systems and higher performance. We collected detailed data on both the purchase and the go-live decisions of 189 enterprise systems adopters from the sales database of a large enterprise systems vendor from 1995 to 2006. Thus, we can separate the purchase of IT from the actual use of IT, which for HCM systems may occur years later due to the time-consuming installation process. By doing so, we address the potential endogeneity of the relationship between IT and productivity. Specifically, if causality ran from productivity to adoption, we would expect the strongest correlations between performance and the purchase of HCM, while if causality ran from adoption to productivity, we would expect the strongest correlations between the adoption (or use) of HCM and performance (Aral, Brynjolfsson and Wu 2006) .
To test three-way complementarities between performance pay, HR analytics and IT, we gathered a data set surveying the detailed human resource practices of these 189 firms in 2005, of which about half (90) adopted the HCM system. By focusing on a narrow set of technologies, we explore how HCM systems complement the specific set of business processes they are designed to support. Combining data on technology adoption, financial performance, and human resource practices, we estimate how HR analytics and performance pay complement HCM to generate a productivity premium. Our tests for threeway complementarities can easily be extended to test for n-way complementarities.
Theory and Literature

Information Technology and Organizational Complementarities
Since the early 1990's, firm-level evidence has documented productivity and performance gains for IT-intensive firms (Brynjolfsson and Hitt 2003) . However, substantial variation exists in the returns to IT across firms (Brynjolfsson and Hitt 1995) . A leading explanation for this variation is that firms with higher returns also adopt complementary organizational practices that produce productivity and performance premiums (Bresnahan, Brynjolfsson and Hitt, 2002; Caroli and Van Reenen 2002; Aral and Weill 2007; Bloom, Sadun and Van Reenen 2008) . For instance, financial markets disproportionately reward firms that invest in IT when they have also made appropriate organizational investments (Brynjolfsson, Hitt, and Yang, 2002) . With a highly skilled workforce that can efficiently use information technology, firms can achieve higher productivity through increased efficiency and customization as line workers are empowered with more decision rights (Bresnahan, Brynjolfsson and Hitt 2002; Caroli and Van Reenen 2002) . Furthermore, IT and organizational investments such as those in innovative people management practices can help explain why the US experienced sustained increases in productivity growth in the last decade while Europe has not (Bloom, Sadun and Van Reenen 2008) .
Most of the literature on IT and organizational co-investment has focused on general-purpose information technologies (Bresnahan and Trajtenberg, 1995) . Given the general-purpose flexibility of IT, the predominant approach to measuring IT investment has simply been to count the number of IT employees or to estimate the total dollars spent on hardware purchases. However, prior research has shown that investments in different types of IT can have orthogonal and at times competing performance implications (Aral and Weill 2007) . While aggregate measures of information processing capabilities inside firms are a good first step for understanding how IT-intensive firms experience greater productivity, a more precise view of IT and organizational complementarity is possible with explorations of complementarities between particular technologies and the specific systems of practices they are intended to support (Aral and Weill 2007, Bartel, Ichniowski, and Shaw 2007) . We therefore examine complementarities between a specific technology, Human Capital Management (HCM) software, and the practices it is designed to support.
Human Capital Management Software
Human Capital Management (HCM) software is part of the Enterprise Resource Planning (ERP) suite of systems. The main purpose of HCM is to equip executives, HR professionals, and line managers with information needed for workforce support and HR analytics, including accurate planning on performance pay, employee performance feedback, talent management and the ability to continuously monitor work performance. By tightly linking human resource data with other operational and financial systems, HCM enables managers to understand the demand on human capital, track workforce costs, align the goals of employees with the organization's business strategy and measure employee performance.
Of particular relevance for our study, HCM allows the firm to monitor metrics of employee effort and performance. The systems keep detailed records of employees' attendance, such as time worked, overtime, illnesses and vacation time and can track detailed work records, including each task completed by employees. HCM also provides feedback to employees to help them understand strategic performance goals and key performance indicators so they can better align their effort with the performance objectives of the firm. In addition, the software analyzes and presents data to managers to help them understand what makes some employees more effective than others. This makes it possible to design more effective rewards systems, including performance pay.
Although enterprise systems, such as HCM, constitute a large share of IT investments, especially for large and medium sized enterprises, empirical evidence examining the productivity and performance implications of these investments is sparse. In particular, we lack large-scale empirical evidence on complementarities between specific organizational practices and HCM or ERP investment in general. Hitt, Wu and Zhou (2002) provide one of the first large-scale statistical analyses of the productivity and performance impact of ERP adoption. By examining 350 publicly traded firms from 1986 to 1998, they find that ERP implementation is associated with positive productivity and performance gains. Aral, Brynjolfsson and Wu (2006) provide an updated study using ERP adoption data on 698 firms from [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] . By separately estimating the effects of the purchase of enterprise systems from the effects of installation and use years later, they address endogeneity concerns to document a potential causal relationship between ERP use and firm productivity. However, neither of these studies explicitly tests the complementarity between enterprise systems and organizational co-investments.
Organizational Practices
Our interviews with HCM practitioners and survey results indicate that HCM solutions are used to provide performance monitoring capabilities, allowing managers to better understand work performance and employee contributions as well as workforce support functions that help employees understand key performance indicators that align with firm goals. To fully leverage the HR analytics capabilities provided by the HCM solution, we hypothesize that firms should also have in place or adopt an appropriate performance pay scheme and policies to monitor and manage employee performance. Our theory is consistent with existing frameworks demonstrating the importance of analyzing a firm's work policies not in isolation but as a part of coherent systems (Holmstrom and Milgrom 1994 , Milgrom and Roberts, 1990 Kandel and Lazear, 1992) . Ichniowski, Shaw and Prennushi (1997) completed one of the first large-scale econometric studies on complementarities and found that factories with a cluster of complementary human resource practices are significantly more productive than those that implement the same practices separately. These practices include performance pay, teamwork, flexible job assignment, employment security and training. Bartel (2004) documents similar findings in the banking sector. Black and Lynch (2001) and Bresnahan, Brynjolfsson and Hitt (2002) also find that new technologies, human capital investments and changes in work practices often combine to drive productivity.
Perhaps the paper most closely related to our work is Bartel, Ichniowski and Shaw's (2007) analysis of several plant-level mechanisms through which IT promotes productivity growth. By studying a specific technology that is used to improve valve-making processes, they find plants that adopt new ITenhanced equipment improve productivity by lowering set up times for new product runs. They subsequently document that IT also shifts firms' business strategies to produce more customized goods.
IT and the demands for customization prompt changes in skill requirements and work practices needed to implement the new business strategies. Although their work focuses on a specific technology and its associated impact on work practices, the authors do not directly test the complementarities between the two. Our work not only focuses on a specific technology and a set of organizational practices that the technology is designed to support, it also formally tests whether HR analytics practices, HCM adoption, and performance pay, together act as a complementary system.
A Model of Three-Way Complementarities: Performance Pay, HR Analytics and IT
We use a principal-agent model with moral hazard to illustrate the complementarity of HCM software and compensation systems that include HR analytics practices and performance pay (e.g. Banker and Kemerer 1992). Our model builds on the work of Baker (1992) and Prendergast (1999) , who examine incentive systems in which both the principal and the agent are risk neutral, and the agent makes a single effort decision. We differ from these models by incorporating the utility of monitoring and workforce support (Baker and Hubbard 2004) . This makes it possible to model reductions in these costs made possible by HCM solutions. We show that firms profit more from the use of an appropriate performance pay scheme if they also simultaneously improve their ability to monitor and manage work performance, preventing employees from gaming the compensation system and improving workers' ability to understand and meet performance targets. In addition, we analyze the profitability impact of the compensation system and information technology when HR analytics, performance pay and HCM systems are simultaneously adopted.
We allow for a divergence between the level of effort that is optimal for the agent and the level that would optimal for the principal, in the spirit of Baker (1992) . If, for example, the agent is rewarded on the total number of patents he produces, he may file patents that take little effort but have minimal value to the principal. We model this scenario by assuming that the principal cannot contract with the agent on actual output q. Instead, the principal observes a performance measure p, which she uses to reward the agent. In turn, we assume output is a function of the agent's effort, a, as follows:
where ε q is normally distributed with mean 0 and variance σ q 2 . The performance signal p is also a function of effort except that indicators of performance are noisy, such that the marginal effect of effort on the performance indicator depends on a scaling factor α, while the true marginal productivity of effort is independent of α. We assume α is normally distributed with mean 1 and variance σ α 2 , where σ α 2 can be viewed as a direct measure of the degree to which the agent's action deviates from what is expected to maximize profit. The deviation can happen in two ways. First, the agent can game the compensation system at the expense of the principal. Second, even when agent does not choose to game the system, a misalignment can occur when the principal fails to ensure that the agent understands and meets the performance goals set by the firm. These deviations directly model the potential for monitoring and workforce support practices to reduce variation in worker performance. The error term ε p is also normally distributed with mean 0 and variance σ p
The risk neutral principal maximizes profit, which is a function of output q, the agent's wage w, and the cost of monitoring and managing performance Γ(s).
where
The cost of using the technology to monitor and manage performance is a linear function of a constant k and a binary variable, s, indicating whether the firm has adopted the appropriate technology to monitor and manage workforce performance. To discourage the agent from gaming the compensation system or to ensure the agent's effort results in performance along the principal's desired dimension q (to reduce σ α 2 ), the principal should have both the policy to conduct HR analytics (m) and the technical ability (s) to monitor and manage employees' performance. In this case, m measures the extent to which the principal adopts HR analytics practices such as monitoring, performance management and workforce support.
When the principal adopts human captial management technology (s = 1) without explicit policies to perform HR analytics (m = 0), information produced by the technologies will be less useful. Similarly, having HR analytics policies without an appropriate technology to monitor employees' performance or
give them feedback on how to improve would be similarly ineffective. Thus, the principal can reduce σ α 2 most effectively when she possess both the technology and HR analytics practices.
The agent is also risk neutral with linear utility as a function of wage and a quadratic cost of effort. The reservation utility is V .
Wage w is a linear function of the performance measure, with a fixed component t and a pay-forperformance component at a rate, b. An agent receives higher compensation by signaling higher performance, p, to the principal. Given a contract (t, b), the agent chooses an optimal effort level a to maximize his utility. From the first order condition, we can solve for the optimal effort:
Solving the principal's maximization problem subject to the agent's participation constraint and incentive compatibility constraint yields the following result:
If adopting HCM technology allows the principal to better monitor the agent's work performance, or if the technology allows the worker to more accurately deliver on key performance indicators (KPIs),
we expect the firm to improve its profitability. Our interviews and surveys indicate that HCM can act as an instrument for reducing the magnitude of σ α 2 , the variance of the worker's measured performance through both monitoring and workforce support. We assume the value of k to be small such that the cost of HR analytics is minimal once the HCM system is in place. Typically, HCM systems have large fixed costs with relatively low marginal costs because it takes multiple years of planning and implementation before the system can "go live." However, the incremental cost of using the system is small after it is fully implemented. By reducing the error in performance signals through improved technological monitoring and workforce support capabilities (s) and by having policies in place to collect HR analytics to assist workers in meeting KPIs, firms should experience higher profits. Thus, the marginal benefit of having policies to collect HR analytics should be higher when HCM is used than that when HCM is not used. Equation 9 shows that having a higher level of monitoring policies in place increases profitability only when the technology to monitor and support workforce performance (s) is also present.
However, firms can obtain even greater profits if both the power of the incentive, b, and their HR analytics practices (technology and policy) are high at the same time. As the principal reduces the ability of the agent to game the compensation system through effective use of monitoring technologies and helps the agent understand and meet key performance goals through feedback, the introduction of performance pay can direct employees to exert even more effort to produce. Acting as a complementary system, performance pay, HR analytics policies and HCM technologies work together as a cluster of organizational practices that improve firm performance. Adopting each separately is less beneficial than adopting them all in concert Roberts, 1992, Brynjolfsson and Milgrom, 2011) . As shown in Equation 10, HR analytics and performance pay are complementary only when HCM technology is used.
The results of our analytical model illustrate that there should be complementarities between HR analytics practices (having both the technology and policies to monitor and manage performance) and performance pay. As employees are compensated for stronger observed performance, the ability to reduce the error in the performance indicators should reduce the ability of employees to game the system, improve the firm's ability to distinguish top performers from weak performers and increase the effectiveness of the incentive. Thus, we hypothesize that:
There are positive interaction effects of performance pay, HR analytics practices and adoption of the HCM software in concert, and that adoption of any two components of this system without the third forgoes the full benefits of this complementarity.
Empirical Methods
Data and Survey Methods
We collected detailed data on the enterprise system purchase and go-live decisions of 189 firms that adopted HCM systems from 1995 to 2006. The data include the U.S. sales of a major vendor's HCM software and are collected directly from the vendor's sales database. Since these data record separate dates for purchase and go-live events, we can separately measure technology investment and technology use, as well as the correlation of each with firm performance. We matched these firms with data on their financial performance. Of the 189 firms in our survey, 90 firms are publicly traded with performance data in the COMPUSTAT database. Table 1 provides descriptive statistics for these firms from 1995-2006.
*** Table 1 About Here*** Our human resource practice data is collected from a survey administered to the 189 firms between 2005 and 2006. We obtained the survey from a non-profit organization whose purpose is to share experiences of firms that adopt ERP to educate them about best practices. The organization is composed of 1,750 member corporations and 50,000 individual members. The survey was sent to all the customers of this major ERP vendor that provided HCM adoption data. Since the majority of these customers are also members of this independent user organization, the response rate for the survey was very high: 80%.
firm strategy and bottom line business performance than analysis conducted at the department or business unit level.
HR Analytics Practices
The HR analytics variable is constructed by combining nine survey questions that gauge how firms monitor workers, provide performance feedback, integrate workforce support data, and manage talent. The goal is to measure practices that provide information for HR analytics. The questions are divided into three categories. The first category measures how firms monitor performance, to what degree the monitoring systems are integrated with other relevant systems such as financial reporting and sales systems, and whether these business processes support overall firm strategy (M1-M5). The second category measures the extent to which firms can directly monitor employees' effort using detailed attendance and overtime records, and the ability of the firm to verify the productivity impact of these
signals (M6-M8). The third category measures transparency (M9). When management clearly
communicates evaluation criteria to employees, it does not leave room for employees to misinterpret where they should exert effort. Adopting these practices is beneficial because they deter employees from gaming the compensation system and help employees meet KPIs designated by the firm (reducing σ α 2 ).
To construct the HR analytics variable, we combine all these factors into a single measure where each factor is first normalized (Norm) by subtracting the mean of the responses and dividing by the standard deviation, yielding a measure of HR analytics with mean zero and a standard deviation of one.
Correlations among individual constructs are all positive but not necessarily high and the Cronbach's alpha is .30. 2 The relatively low value reflects the multidimensionality of HR analytics practices -firms adopting any one practice do not necessarily adopt all of the others. Firm and industry characteristics can also lead to divergent practices. For example, attendance may be more important for a manufacturing firm than a software engineering firm, since the former requires workers to show up on time to operate machinery while software engineers can work from anywhere. Therefore, we may expect manufacturing firms to implement monitoring policies that log detailed records of workers' attendance, such as practices in M6-M8 while software engineering firms focus more on other types of HR analytics practices, such as benchmarking and continuous improvement. Our goal in this paper is not to identify which practices are most beneficial, but to evaluate the overall extent to which a firm manages its workers' performance. As long as firms manage work performance in some way, they may reap economic rewards from HR analytics regardless of the specific practices they choose. To test the validity of including all nine measures into a single component, we separately introduced the measures into our main regression and find that we cannot reject the hypothesis that all nine practices have the same coefficients. Consequently, for simplicity of analysis and interpretation, we combined them into a single HR analytics measure.
Performance Pay
Our measures of performance pay practices assess the degree to which firms reward employees for their work performance. Four questions pertaining to performance pay are used to construct the variable. These questions are classified into two groups, monetary incentives that motivate employees, and self-selection mechanisms designed to attract and retain high quality employees. Incentives using monetary rewards can have the direct benefit of motivating workers to exert more effort and produce optimally. Selection is another potential benefit of performance pay, helping firms to attract and retain productive workers. Performance pay is likely to help firms retain high performers since they derive higher income as a function of their performance. At the same time, incentive compensation systems can induce poor performers to leave the firm as their relative income is reduced. As incentive compensation takes on a greater share of the overall wage, these effects should be magnified.
To calculate the extent to which direct monetary rewards are used to motivate employees, we ask firms to report the importance of performance pay in their current compensation systems and the degree to which incentives are aligned with business goals (I1 I2). The incentive compensation motivation variable is calculated by normalizing and summing the survey responses, yielding a measure with mean zero and a standard deviation of 1. Cronbach's alpha for the set of motivation measures is .64.
Finding the right people and putting their talent to good use is one of the most important goals in any human resources department. The appropriate compensation plan enables firms to hire and retain the talent they need. To assess this capability, we ask respondents to report the degree to which their firms use compensation plans to attract and retain talent (I3, I4). Cronbach's alpha for these measures is .59. Table 2 About Here***
Model Specification
Because we have a set of longitudinal IT adoption and financial performance data as well as a cross-sectional survey on organizational practices, we can test for complementarities between IT adoption and a system of human resource practices. Two types of statistical tests have been developed to assess the existence of such complementarities: correlations (adoption or demand equations) and performance differences (productivity equations) (Arora and Gambardella 1990 , Arora 1996 , Athey and Stern 1998 , Aral and Weill 2007 , Novak and Stern 2009 , Brynjolfsson and Milgrom 2011 . The first test determines if a cluster of practices is more likely to be adopted jointly rather than separately. The second test examines whether the hypothesized complements are more productive when adopted together or separately (Milgrom & Roberts 1990 , Ichniowski, Shaw & Prennushi 1997 , Bresnahan, Brynjolfsson & Hitt 2002 ).
We first examine the correlations among performance pay, HR analytics and HCM adoption.
According to the model, we expect these three practices to form a system of complements in which any pair-wise correlation between two components of the system is positive when the third component is also present, but not necessarily otherwise. In assessing these correlations, we control for transitory shocks to adoption or performance using dummy variables for each year and industry controls for 15 industries.
Next, we use performance differences to test the complementarities between HCM and an incentive system that includes performance pay and HR analytics. If HR analytics, performance pay and use of HCM are complements, we would expect firms that use these practices and technologies in concert to be the most productive. We test this hypothesis using a production function framework. Following the literature on IT-productivity Hitt 1996, 2003; Hitt, Wu and Zhou, 2002; Aral, Brynjolfsson and Wu, 2006) , we adopt a Cobb-Douglas specification. In addition to Labor and Capital inputs, we incorporate HCM adoption and HR practices into the model to show how firms convert these inputs to outputs.
We first test whether HR analytics, HCM adoption and performance pay separately impact productivity using the specifications below, where K represents capital, L is the number of employees and HCM represents a dummy variable which is equal to 1 each year after HCM is 'live' in the firm. As shown in our theoretical model, we expect better HR analytics capabilities to improve firm performance.
We then test whether HR analytics, performance pay and HCM adoption form a system of complements that provides additional performance improvements when used together. From our theoretical model, if these practices form a system of complements, we expect the three way interaction, 
Identification
Endogeneity may hamper causal interpretations of this model. Of particular concern, HCM adoption may be endogenous. While we hypothesize that HCM adoption drives firm performance, the reverse is also possible -firms may choose to adopt HCM when they perform well or experience exogenous shocks to productivity. To distinguish these explanations, we separately measure the decision to invest and the actual investment itself.
When adopting an enterprise system such as HCM, firms typically experience a lag of up to several years between the time they decide to invest in the system and the time when the system finally goes live. This reflects the complex implementation process requiring redesign of business processes, software customization and extensive training. A second potential source of endogeneity is that human resource practices such as performance pay and HR analytics may be endogenous. As our human resource practice data is cross-sectional, we cannot directly assess the level of HR practices before and after the HCM adoption. However, we take advantage of the fact that organizational practices are often quasi-fixed (Applegate, Cash and Mills 1988 , Brynjolfsson and Hitt 1996 , Milgrom and Robert 1990 , Murnane, Levy and Autor 1999 Bresnahan, Brynjolfsson and Hitt, 2002) . Thus, our regressions can be interpreted as assessing whether pre-existing firm differences in human resource practices influence the productivity return from using HCM.
Under the quasi-fixed assumption, firms that have already implemented performance pay and HR analytics practices are more likely to invest in HCM because it can enhance the effectiveness of these organizational practices. HCM enables firms to improve the monitoring of employees and make their performance pay more salient. Firms that have implemented performance pay and HR analytics practices are in a better position to reap the rewards of using HCM. In fact, the earlier these firms adopt HCM the faster they will reap rewards from using HCM. Conversely, adoption costs are expected to be higher and benefits delayed for firms which do not have these hypothesized complements in place.
Consequently, we expect the demand for HCM to be higher for firms that have already implemented performance pay and HR analytics practices. To test this hypothesis, we specify a logistic regression, estimating the adoption of HCM as a function of existing organizational practices and other firm characteristics. analytics adoption and performance. To mitigate possible omitted variables bias we include industry and time dummies to capture any industry or exogenous temporal shocks to performance or organizational change. We also employ fixed-effects specifications to control for time invariant characteristics of each firm. For example, if "good management" is an omitted variable that confounds our results, fixed effects specifications are likely to eliminate the cross-sectional variance from this variable. Although our organizational factors are cross-sectional, the HCM adoption variables are longitudinal, allowing us to use a fixed-effects specification to estimate coefficients on all time varying variables including those that interact with the HCM variables. The fixed-effect specifications give us more confidence in our results since they eliminate the influence of any unobservable time-invariant characteristics of firms. However, there is also the risk that fixed effects will over-control for firm specific factors that are legitimately part of the complementarity system we are examining. Thus, the coefficient estimates from those specifications may underestimate the true effects of the complements.
Results
As discussed above, both correlations and productivity differences can be used to test for complementarities (Athey and Stern, 1998; Aral and Weill 2007, Brynjolfsson and Milgrom, 2011) . In fact, each test tends to be strongest when the other is weakest. If a particular set of complementary practices is well-understood, we would expect all firms to adopt this system of complementarities and the correlations for the co-presence of these practices should be nearly perfect. However, precisely because every firm adopted the complements, there would not be any performance differentiation and the productivity test would have no power to identify any benefit from adopting the system.
3 On the other hand, when firms are still experimenting with various practices, the co-variation of complementarity practices would not be perfect but there should be detectable differences in productivity between firms that adopt the system of complements and those that do not. In the extreme case, where managers have no knowledge of the complementarities, the practices will be uncorrelated but the statistical power of the productivity test will be maximized.
The Correlation Test
We first examined the evidence for correlations between HCM adoption and the cluster of human Table 3a , shows pair-wise correlations between HCM adoption and performance pay practices using logistic regressions (since HCM adoption is binary). The negative coefficient on the pair-wise correlation between performance pay and HCM adoption using the full sample seems to indicate that performance pay and HCM are not part of the complementary system (β = -.057, p < .1; Model 1).
However, after separately examining the sub-sample of firms that have adopted HR analytics practices we see that the correlation between HCM Live and performance pay is positive and significant (β = .058, p < .1; Model 2), suggesting that performance pay and HCM are part of a complementary system only when firms simultaneously adopt HR analytics practices. On the other hand, for firms that do not institute HR analytics practices, performance pay is negatively correlated with HCM adoption (albeit not significantly). Together, these results suggest the importance of examining the complete system of putative complements together. In contrast, pair-wise correlations between elements of the system can be misleading. Table 3b shows pair-wise correlations between HCM adoption and HR analytics using logistic regressions. Again, we see a similar pattern in which the correlation between HCM adoption and HR analytics practices is statistically significant only when firms also adopt performance pay policies. When firms use performance pay in compensation schemes, the correlation between HR analytics and HCM adoption is positive and statistically significant at the 5% level (β = .033, p < .05; Model 2), suggesting that HCM and HR analytics practices are complements in the presence of performance pay. On the other hand, when performance pay is not used, the correlation between HR analytics and HCM is not different from zero, suggesting that these practices and HCM are not complements in the absence of performance pay schemes.
*** Table 3a About Here***
The logistic regression in Tables 3a and 3b can also be used to estimate the probability of adopting HCM as a function of HR analytics and performance pay practices. Assuming a firm's organizational practices are quasi-fixed, these tables support the hypothesis that a firm is more likely to adopt HCM when it already has policies in place to monitor and manage work performance and simultaneously uses performance pay to motivate employees (Model 2, Table 3a ; Model 2, Table 3b ).
When a firm does not use performance pay, implementing HR analytics practices alone does not increase the likelihood of adopting HCM (Model 3, Table 3b ). Furthermore, when a firm does not monitor and manage employees' performance, it is less likely to adopt HCM despite having performance pay policies in place (Model 3, Table 3a ). Again, this is consistent with the existence of 'three-way complementarities' among IT, incentives and HR analytics practices. *** Table 3b About Here*** Lastly, Table 3c shows the pair-wise correlations between HR analytics and performance pay practices. The correlation between the two sets of practices is positive and significant (β =.433, p<.001;
Model 1) when the full sample of firms is used. In the split sample, HR analytics and performance pay practices remain positively correlated whether or not the firm has invested in HCM, suggesting that they may be complements regardless of IT adoption. Though the correlation between HR analytics and performance pay is positive and significant for all firms, the magnitude of the correlation is larger for firms that have not adopted HCM. This could be because some less technologically intensive firms are slow to adopt HCM and are satisfied to implement performance pay and HR analytics on their own, seeking to achieve benefits from their complementarity without investing in IT. It could also be that certain industries, such as information or professional services industries, use performance pay and HR analytics to provide incentives without investing in HCM because output and effort in those industries is less easily measured, making technology less relevant to the 'system.' Whether this strategy works in practice for individual firms (for example whether adopting performance pay and HR analytics without HCM is good for performance) is an empirical question. It could be that firms that attempt to implement two parts of the system without the third forgo benefits of the entire system. For this reason, it is important to also examine productivity tests to determine whether a lack of adjustment by these firms creates detectable differences in productivity.
When we examine these correlations after removing firms in the Information, Professional Scientific, Technical Services and Finance industries, where output and effort may be harder to measure, the relationship between performance pay and HR analytics is stronger when HCM is adopted (β = .218, p < .05 compared to β = .127 p < .10 in the full sample) and weaker when HCM is not adopted (β = -.622, p < .01 compared to β= .528 p < .001 in the full sample). This suggests some differences in the relationships between HCM, performance pay and HR analytics practices across industries, which we explore in more depth in the robustness section of the paper below.
*** Table 3c About Here*** Collectively, the pattern of correlations is consistent with three-way complementarities among HCM, HR analytics and performance pay practices, and supports predictions from the economic model.
However, we cannot rule out the existence of unobservable factors which, given the right set of unobserved correlations, could mimic the correlation patterns resulting from true complements. Table 4 shows the productivity regressions examining our main hypothesis that the combination of performance pay, HR analytics practices and HCM technology drives productivity. We also performed several outlier tests and detect a single firm that has an unusually large influence on all the regressions. 4 We show the results in Table 4 after eliminating this outlier. The results do not change qualitatively due to outliers, although the statistical significance falls in some specifications. Models are reported using OLS with robust clustered standard errors, fixed effects or random effects specifications. Model 1 uses the standard Cobb-Douglas production function framework, correlating the log of annual sales with the logs of capital and labor inputs in a fixed-effect specification. Coefficients for labor and capital are statistically significant and are within the range of theoretical predictions (Brynjolfsson and Hitt 1995) .
The Productivity Test
We estimate the impact of HCM adoption (defined as the "go-live" date) on performance in Model 2. To better isolate the impact of HCM, we use a fixed-effect specification to eliminate influence from all time-invariant unobservables and add seasonality controls for time-specific changes. To address the simultaneity bias in estimating the return from HCM adoption, we separately estimate the purchase of HCM from the go-live event. If firm performance is correlated with the actual use of HCM rather than with the mere purchase of the technology, we can infer that the HCM technology drives firm performance instead of performance driving the purchase of HCM software. *** Table 4 About Here***
The estimated parameter of the go-live variable is positive and significant while the purchase variable is not significantly different from zero. This implies that the decision to purchase HCM is uncorrelated with productivity, while the actual use of the system is correlated with productivity (β = .069, p < .01; Model 2). The magnitude of the HCM go-live parameter has an intuitive economic interpretation-firms that adopt the HCM software produce approximately 6.9% greater output holding other inputs constant. However, it could be that HCM adoption is correlated with adoption of a broader suite of ERP software and process changes and that we are picking up some of the productivity effects of the other components of ERP adoption as well in this estimate.
The estimates for HCM purchase imply that simultaneity bias is not affecting our results and lend credibility to the argument that HCM adoption drives performance, rather than higher performance leading firms to adopt HCM. 5 While this result gives us some confidence that the relationship between HCM adoption and productivity is causal, there could still be alternative explanations for this pattern of results including lagged performance effects of enterprise systems adoption. When we add lagged HCM adoption into the model the results do not fundamentally change.
Models 5, 6 and 7 assess the pair-wise interactions among HCM, HR analytics, and performance pay. Model 5 estimates the pair-wise interaction between HR analytics and HCM (for the go-live event).
We find that the interaction between HR analytics and HCM is not statistically different from zero. This suggests that in the absence of performance pay practices, HR analytics and HCM are not complements.
Similarly, we do not find evidence that performance pay and HR analytics practices are complements in the absence of HCM, since the coefficient of their interaction term is not statistically different from zero (Model 7). This result suggests that HR analytics policies and performance pay are not as strongly complementary when firms lack the appropriate technologies to monitor and manage work performance.
There is also no definitive evidence of a pair-wise complementarity between performance pay and HCM (Model 6).
6
Overall, these results largely support the complementarities interpretation of the earlier results from the correlation tests. Both sets of tests illustrate the importance of examining the 'system of 5 To conserve journal space and simplify the exposition, we have removed models that estimate interaction terms with both HCM Live and HCM Purchase simultaneously. Results of these models show interactions with HCM Live to be significant as reported and interactions with HCM Purchase to be indistinguishable from zero. These results are available from the authors. 6 The coefficient of their interaction is positive and approaching significance however, suggesting they might be complements. This could be due to the fact that firms that have adopted both performance pay and HCM may also tend to adopt HR analytics practices as well. Thus this two-way interaction term may pick up the effect of the missing three-way interaction variable among HR analytics, performance pay and HCM, as shown in Model 8.
complements' as a whole since any subset of the system -two of three practices without the third -does not necessarily create complementarities without simultaneous adoption of all the system's components.
Model 8 applies a test of the three-way complementarities between HCM, HR analytics practices and performance pay. Similar to what we found in Models 3, 4, and 5, there is no evidence of an interaction effect for a partial system where only two of the three components are used. For example, the coefficient of the interaction term between HR analytics and performance pay is not significantly different from zero. It could be that without appropriate IT systems that make HR analytics effective, performance pay alone does not enhance productivity. As the HCMLive variable is a dummy variable indicating whether a firm is actually using the technology, the three-way interaction variable estimates the difference in the coefficients of the incentive system variable in firms with and without HCM, including variation across firms as well as variation within firms over time as they go from being non-adopters to adopters.
As shown in Model 8, the interaction of any individual organizational practice (HR analytics or performance pay) and HCMLive is not significantly different from zero. Interestingly, the interaction of
HCMLive and an incentive system that includes both HR analytics and performance pay practices (HCMLive*HRAnalytics*PerfPay) is positive and statistically significant, providing some evidence that they are perhaps complements. However, the positive coefficient by itself is a necessary but not sufficient condition for proving the existence of complementarities. We provide the functional conditions for demonstrating when HCM Live, HR analytics and performance pay are complements in the Appendix.
There we show that three components of a system are complements if the output elasticity with respect to one variable increases when the values of the other two variables are high. For example, in our data the output elasticity with respect to HCM Live is increasing when the values of HR analytics and performance pay are more than .06 standard deviations above the average. We derive the analogous complementarity conditions for when the elasticity with respect to performance pay and HR analytics are increasing in Table A .1 in the Appendix. We estimate that the output elasticity with respect to HR analytics is increasing when performance pay and HCM Live is more than -.39 standard deviations above the mean. When HCM Live is 1, it easily exceeds the requirement for complementarities. For performance pay, we find the output elasticity is increasing when HR analytics and HCM Live is more than .35 standard deviations above the mean. Thus when the other inputs are high, the output elasticity for performance pay is increasing.
Together, these estimates provide evidence for complementarities between the complete incentive system and the HCM technology that supports it. These results indicate that the productivity of firms that have adopted the full set of incentive system practices are substantially higher in firms that have also adopted HCM compared to firms that have not adopted HCM. The OLS estimation of the three-way interaction is quite large, leading us to believe there are still other unobserved organizational practices that are correlated with HR analytics and performance pay but missing in our data. True organizational complementarities may be far more than two-way or three-way complementarities, and instead include larger sets of interlocking firm practices that complement each other.
Fixed and random effects estimates, which seek to control for observable and unobservable heterogeneity among firms, corroborate the three-way complementarity. The results again demonstrate that the three way interaction between HCM, performance pay and HR analytics practices is positive and significant. These findings provide additional evidence of complementarity between all three elements of the system. In these estimates, there is also evidence that HR analytics and HCM are pairwise complements, while adopting HCM with performance pay is negatively correlated with productivity. We are reluctant to over interpret the results of these models, which ask more of the data. However, one explanation for the last result is that performance pay can sometimes create perverse incentives that may be exacerbated when the agent has more information (Holmstrom and Milgrom 1991 , Holmstrom and Milgrom 1987 , Baker 1992 . For example, sales teams may game the system to meet quarterly sales targets. This earns them bonuses at the expense of firm value. Such contortions may be made easier when more information is provided to employees without sufficient guidance and controls on how they should most appropriately allocate their effort. One of the goals of HR analytics, which provide structured performance feedback to appropriately direct employee effort, is to mitigate this sort of misalignment of incentives. This may be why we observe a significant productivity premium when HR analytics is added to an existing system of performance pay and HCM technology.
The Cube View of Three-Way Complementarities
A graphical framework -the "Cube View" -is useful for understanding the complementarities among three-way systems of technology and organizational practices. In Figure 2 , we present a 1x1x1 cube with the X-axis representing HCM, the Y-axis representing use of performance pay, and the Z-axis representing HR analytics. The binary version of the variable is used to label the coordinates in the cube, with 0 indicating a low level of implementation and 1 indicating a high level of implementation. For example, the coordinate (1, 1, 1) indicates that a firm has an HCM system installed, fully implements performance pay, and fully implements HR analytics practices.
Based on the theory of complementarities, we expect firms located at coordinate (1, 1, 1), where they adopt HCM and simultaneously implement high levels of HR analytics and performance pay policies to be disproportionately more productive than firms that have implemented partial systems like coordinate
(1, 0, 0) where firms have implemented HCM but adopt neither performance pay nor monitoring policies.
Similarly, coordinate (1, 1, 0) represents firms that have adopted HCM and implemented performance pay but choose not to actively monitor and manage employee performance.
Using the production function framework, we first determine whether firms that engage in HR analytics and implement performance pay compensation schemes reap greater productivity gains from HCM than firms that do neither. We find this to be true by comparing the magnitude of parameter estimates for firms at the edge from (0,1,1) to (1,1,1) with those at the edge from (0,0,0) to (1,0,0). The difference between the edges is statistically significant (p=.014; HCM Test), suggesting that firms reap greater benefits from HCM when they have a complementary system of incentives that includes HR analytics and performance pay.
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Similarly, we determined whether firms that already have HCM and use performance pay reap greater productivity benefits from adopting HR analytics policies than firms that have neither the technology to monitor employees nor the performance pay contracts to hire, retain and motivate talent.
Our analyses find evidence that firms reap a greater reward from adopting HR analytics when they simultaneously use performance pay and adopt HCM (p=.033; HR Analytics Test). In the third test (PerfPay Test), we determine whether firms experience greater returns from using performance pay when they choose to use the technology and manage performance. In contrast to the previous tests of complementarities, we do not find evidence supporting this claim (p = .300).
Lastly, we develop and estimate a full test of three-way complementarities. The System Test has greater statistical power than any of the previous tests and assesses whether firms that complete the system of complements (1,1,1), by adopting just one of the three practices-HCM, HR analytics and performance pay-experience a greater productivity gain than firms that choose to adopt the same practice but in isolation (i.e. starting from (0,0,0) and adding one practice). We find evidence supporting this claim through a t-test that demonstrates the difference to be highly significant at p=.025 (System Test). A straightforward explanation of this result is the existence of three-way complementarities between incentive compensation, HR analytics and IT.
Thus, the System Test offers a powerful way to assess the presence of a complementary system that may not be obvious from the regression results alone. In Table 4 , the three-way interaction among HR analytics, performance pay and HCM adoption is positive and statistically significant compared to the null in which no components of the system are adopted. However, strictly speaking, complementarities imply that the benefits of implementing the full system are greater than the sum of the benefits of the individual parts, not just greater than zero. This is precisely what the System Test estimates. 8 When applied to our sample, we find that the productivity gains from completing a full system of complements using all three practices is greater than the sum of gains from adopting any one of the three practices in isolation. These results together provide evidence that technology adoption is complementary to a system of organizational practices that includes HR analytics and performance pay.
Robustness and Limitations
Results of three different sets of empirical tests (correlation, productivity and system tests)
provide consistent evidence of three way complementarities between IT, performance pay and HR analytics practices in our data. However, there may be alternative explanations for our results, which we consider here in more depth. To save space, we have not reported the detailed results of robustness analyses in the paper, but all results reported here are available from the authors.
First, industry differences may explain some of the correlations we see. It could be for example that firms with employees whose work can be easily monitored and measured will naturally choose to implement HCM systems along with performance pay and HR analytics practices. Conversely, firms that primarily engage in "knowledge work" may not be able to monitor, manage and support workers in the same explicit ways and thus may not adopt the complements together. Knowledge work firms may choose to adopt incentives, but rely less on monitoring as their employees' work is more difficult to monitor.
Although we see minor differences in the adoption of HR analytics and performance pay between knowledge work and non-knowledge work firms, these differences are not statistically significant. Any differences between firms on these dimensions are therefore not likely to be big enough to explain away the three-way complementarity. Given that our correlation and productivity tests include industry controls and that our productivity tests are also robust to the inclusion of firm fixed effects, it is unlikely these differences can account for our results.
To further explore how industry differences may affect our results, we first tested whether firms that primarily do knowledge work were less likely to adopt HCM, both in general and in the presence of the organizational complements. Results of logistic regression analysis predicting the likelihood of adopting HCM as a function of being in a knowledge work industry, as well as HR analytics adoption and performance pay adoption, and the interaction of knowledge work and these practices, show that knowledge work firms are less likely to adopt HCM and that the interaction of performance pay and knowledge work significantly predicts a lower likelihood of adopting HCM. This may mean that in industries in which work is difficult to measure, performance incentives may not complement measurement based technologies such as HCM. Since knowledge work firms that adopt performance pay incentives are less likely to adopt HCM, these results also seem to suggest that three-way complementarities between performance pay, HR analytics and HCM technology are more pronounced when work is measurable.
To test whether differences between knowledge work and non-knowledge work firms bias our productivity analyses, we removed knowledge work firms from the sample and estimated the productivity regressions again. The results show that our finding of three-way complementarities is robust to removing these firms. Although we could not reject the null hypothesis of no complementarities among knowledge work firms, the power of this test is very low given the small number of knowledge work firms in this subsample. It may be that the three-way complementarities we test are more pronounced in nonknowledge work industries where employees' performance can be measured precisely and thus managed explicitly. But, these differences do not explain the existence of three-way complementarities in our sample. Future work should examine differences in these relationships across knowledge work and nonknowledge work firms in more depth.
Second, there are at least two mechanisms through which incentive pay may drive productivity gains-employee motivation and self-selection. The first effect, employee motivation, is the direct effect of monetary rewards that motivate workers to exert more effort and produce more output. The second effect, self-selection, is the effect of performance pay on the likelihood that more talented and productive workers are likely to take and keep jobs in which they are disproportionally rewarded, while less productive workers are likely to turn over. When compensation is tied to performance, poor performers whose cost of effort is relatively high are likely leave as performance pay decreases their total compensation and makes the job difficult to justify from the perspective of their participation constraint.
On the other hand, high performers are more likely to stay as they can earn more under performance pay compensation systems (Lazear 2000a,b) . To test whether our results were sensitive to the inclusion or removal of the proxies for either of these two mechanisms in our tests of complementarity, we removed the self-selection questions and assessed the productivity regressions with only the motivation questions included in the measure of performance pay. We then removed motivation and ran the regressions with only self-selection. The results remain essentially unchanged and the three way complementarity is robust to these alternative specifications.
Third, it could be that HCM adopters are somehow different than non-adopters. When we examine the descriptive statistics, we see that they are statistically significantly larger whether measured by sales, employees or capital. However, they are not significantly better or worse on performance dimensions such as return on assets or profits. More importantly, the design of our analyses makes it unlikely that such selection effects bias our results for several reasons.
First, our productivity tests are essentially immune to any simple types of selection bias. While HCM adopters are different than non-adopters in some observable ways, such as firm size, performance premiums only accrue to firms with all three complements in place. If HCM adopters were generally more productive, selection bias should exist both for those firms that adopt the complements as well as those that do not. We would therefore expect to see no evidence of complementarities in our tests.
Evidence of complementarities with performance pay and HR analytics practices suggests that differences between adopters and non-adopters of HCM are not sufficient to explain observable differences in performance between those with the system of complements in place and those that are missing a portion of the system.
In addition, our design allows us to test and rule out endogeneity of the purchase of HCM. As we observe purchase and go-live decisions and find that only go-live is correlated with performance, we can be reasonably sure that higher performing firms are not simply selecting to purchase HCM. When we add HCM purchase and its two-way and three-way interactions with HR analytics and performance pay to the estimation, none of the estimates for these variables are statistically significant. Since all firms that purchase HCM in our data eventually go-live with the software, there can also be no selection effect caused by some firms dropping out between the purchase and go-live dates.
Finally, fixed effects specifications assess variation within observations over time, meaning productivity regressions compare firms' performance before and after their adoption. Any time invariant differences in performance between adopters and non-adopters are held constant in this specification.
Given this evidence, it is unlikely that differences between HCM adopters and non-adopters, besides the hypothesized difference caused by in the decision to adopt complementary organizational practices, are driving the results.
Given the nature of our sample and the pattern of results that we have found, a few important caveats are worth noting. First, our sample is not representative of the entire US economy and is comprised disproportionately of manufacturing firms. Though removing knowledge work firms does not change our results in any significant way, it may be that the complementarities between performance pay, HR analytics and IT behave differently in larger samples of services firms. Although most of our key results are significant at the 5% level, our sample is relatively small and some estimates are less precise than they may be in larger samples. Estimates of higher order complementarities may be noisy and thus more precisely estimated in future work with larger samples.
Second, our results by no means rule out the existence of pairwise complementarities between any two of the three complements we test. However, statistical evidence does confirm that the existence of all three complements on average creates greater than additive performance benefits for the firms in our sample. Pairwise complementarities may still exist, especially for certain subgroups of firms or industries.
Third, we have adopted a common assumption in the IT complementarity literature and taken advantage of the fact that organizational complements are often quasi-fixed. However, as we do not have time varying data on organizational complements, we cannot attribute causal interpretations to the impact of HR policies.
Finally, although we have found evidence of significant complementarities among information technology, HR analytics and performance pay, we interpret the exact coefficient estimates of the threeway interaction terms with caution. These coefficients are often larger than expected, leading us to believe there are still other unobserved organizational practices that are correlated with HR analytics and performance pay but missing in our data. This is likely since true organizational complementarities may be far more than two-way or three-way complementarities, encompassing larger sets of interlocking firm practices that complement each other. Econometricians and even managers themselves may not understand the full set of complements involved.
Conclusion
Previous research has found evidence of complementarities between general investments in information technology and broad metrics of organizational capital. We move this stream of inquiry from an expansive perspective of IT as a general-purpose technology, toward examination of specific processenabling technologies designed to support human resource management and specifically incentive management. By studying a specific type of enterprise system, the Human Capital Management solution within the ERP suite, we are able to examine very specific, theory-driven predictions about how information technology complements a narrow set of business practices focused on designing and implementing effective incentive contracts.
We use a principal-agent model to illustrate how incentives affect observable performance. In particular, we examine HR analytics and performance pay as a set of organizational practices that complements HCM. Using a detailed survey of human resource practices and comprehensive objective enterprise IT adoption data, we provide some of the first firm-level evidence on how clusters of human resource practices complement a specific type of information technology.
Our analysis uncovers two key results. First, we find that HCM, performance pay, and HR analytics practices are mutually correlated. In particular, the demand for HCM is significantly higher in firms that have adopted the other two practices. Second, these practices generate a disproportionate productivity premium when they are implemented simultaneously as a tightly knit system of organizational incentives. We develop and assess a cube view of complementarities, which illustrates the increased productivity from completing the triad of complements as compared to introducing one of its elements in isolation.
An important feature of our data is that we can rule out reverse causality between high productivity and HCM adoption. We do this by exploiting separate measures for purchase and go-live events, allowing us to infer a causal explanation for the complementarities we find. These results support the theoretical prediction of a three-way complementary system of organizational practices and suggest a path to greater productivity from technology innovations such as enterprise IT. At the same time, these three-way complementarities may be only part of an even larger complementary system, highlighting the complexity of successful technology-enabled organizational change. Milgrom and Roberts (1990) formally analyze how non-convexities can exist in a firm's decision to adopt any or all of a set of organizational characteristics that together complement new technology.
The marginal benefit of adopting any one of a complementary set of activities increases with the adoption of the others. Thus, adoption of systems of practices (what Milgrom and Roberts 1990 call "groups of activities") "may not be marginal decision [s] ." They argue "exploiting such an extensive system of complementarities requires coordinated action between traditionally separate functions" (Milgrom and Roberts 1990, p. 515) . Because such discovery and coordination is difficult, it is not surprising that we find a non-empty set of firms at each of the eight vertices of the three-way complements cube, even though theory predicts that this is not optimal. As expected, a disproportionate, but not universal, subset of them is in the higher performing clusters. Over time, we expect that a combination of focused analysis by researchers, and trial and error by managers, will reveal more and more of the nature and scope of organizational complementarities. This is also the condition for which an increase in Y and Z increases the output elasticity with respect to X. We find the range of G for this to be true using the estimates in Table A .1 and the coefficient estimates in Column 9 of Table 4 . 
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